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The interaction of ultraintense laser pulses with an underdense plasma is used in laser-plasma
acceleration to create compact sources of ultrashort pulses of relativistic electrons and x rays. The
accelerating structure is a plasma wave, or wakefield, that is excited by the laser ponderomotive force, a
force that is usually assumed to depend solely on the laser envelope and not on its exact waveform.
Here, we use near-single-cycle laser pulses with a controlled carrier-envelope phase to show that the actual
waveform of the laser field has a clear impact on the plasma response. The beam pointing of our relativistic
electron beam oscillates in phase with the carrier-envelope phase of the laser, at an amplitude of 15 mrad, or
30% of the beam divergence. Numerical simulations explain this observation through asymmetries in the
injection and acceleration of the electron beam, which are locked to the carrier-envelope phase. These
results imply that we achieve waveform control of relativistic electron dynamics. Our results pave the way
to high-precision, subcycle control of electron injection in plasma accelerators, enabling the production of
attosecond relativistic electron bunches and x rays.

DOI: 10.1103/PhysRevX.12.011036 Subject Areas: Optics, Plasma Physics

I. INTRODUCTION

Waveform control has revolutionized several domains of
laser-matter interaction, as it allows for an extremely high
degree of control on electron dynamics. First applied in the
frequency domain to drastically improve atomic clock
precision [1], it was quickly adopted by the strong-field
physics community to control electron dynamics in photo-
ionization [2] and high-harmonic generation in gases [3,4]
as well as laser-induced fragmentation of molecules [5].
Waveform control in laser-plasma interaction has been more
difficult to achieve, because it requires few-cycle laser pulses
with a stabilized carrier-envelope phase (CEP) [6] at inten-
sities higher by several orders of magnitude. In laser-plasma
interaction, CEP control was first demonstrated in overdense
plasmas (i.e., solid targets) and at moderate intensity [7],
with the final goal of producing isolated attosecond pulses of
extreme ultraviolet radiation [8]. Recently, several experi-
ments on solid targets at relativistic intensity have displayed
CEP effects and their potential [9–12]. In experiments on

solid targets, the interaction takes place at the plasma surface
where the CEP has a fixed value, but this is no longer true in
underdenseplasmas, as the laser canpropagate in themedium.
During propagation, the CEP slips, because the envelope
travels at the group velocity vg, which differs from the laser
phase velocity vϕ. The length scale over which dispersion
changes the CEP by 2π can then be estimated as [13,14]

L2π ¼
c

vϕ − vg
λ0; ð1Þ

where c is the velocity of light and λ0 is the laser wavelength.
CEP-controlledelectrondynamics can, thus, beobservedonly
if the factor that governs these dynamics (e.g., electron beam
injection) is localized to a fraction ofL2π , such that an electron
bunch can be associated to a specificCEPvalue.Additionally,
a high level of control is required not only over the laser
waveform, but also over the plasma parameters, as they
strongly influence dispersion. Therefore, except for prelimi-
nary results [14] showing hints of CEP-dependent electron
spectra in a laser-plasma accelerator (LPA), CEP effects in
underdense laser-plasma interaction have remained elusive
until now.
In a LPA, the laser-driven wakefield traps and accelerates

electrons to relativistic energies over very short distances
[15,16]. Wakefield excitation is particularly efficient when
the laser pulse length cτ is resonant with the plasma
wavelength, i.e., when cτ ≃ λp=2. Plasma electrons are
then injected into and accelerated in the wakefield, forming
high-quality, quasimonoenergetic electron beams [17–19].
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While most LPAs are driven by laser pulses containing
many optical cycles, few-cycle pulses can now be used to
excite wakefields and accelerate electrons [20–23]. In this
case, the usual framework of a cycle-averaged ponder-
omotive force [24] is not sufficient to describe the inter-
action. Instead, the actual waveform of the laser pulse needs
to be considered, in particular, the phase between the
envelope and the carrier wave (the CEP).
Theory and simulation studies show that the precise

control of the laser waveform through the CEP can have a
strong impact in LPAs. Simulations indicate that single-
cycle laser pulses cause significant asymmetries of the
plasma wakefield [13,25]. Nerush and Kostyukov [13] find
that these asymmetries are due to the second-order term of
the plasma response and are CEP dependent. As the laser
pulse propagates in the plasma, the CEP slippage causes the
wake to oscillate transversely on the length scale of L2π .
As seen in recent simulations [26,27], the asymmetric
plasma wakefield can, in turn, cause the off-axis injec-
tion of subfemtosecond electron bunches, with a collec-
tive, nonzero transverse momentum. As the electrons are

accelerated, they oscillate collectively until they leave
the plasma with an off-axis beam pointing that is CEP
dependent. It is important to note that this effect is different
from previously observed off-axis injection caused by laser
pulse-front tilt [28], which can be satisfactorily explained
within the framework of the cycle-averaged ponderomotive
approximation.
In this paper, we observe this CEP-dependent beam

pointing and give a detailed explanation through simula-
tions that clearly show the CEP-dependent, off-axis injec-
tion of the electron beam. We describe the experimental
setup and the obtained results in Sec. II and the simulations
and their analysis in Sec. III.

II. EXPERIMENT

Our LPA is driven by laser pulses as short as 1.3 cycles,
or 3.5 fs (FWHM in intensity) [14,21,22], generated by a
double-chirped-pulse amplification system that makes
use of spectral broadening through self-phase modula-
tion in a helium-filled hollow-core fiber and subsequent

FIG. 1. Principle of the experiment. Upper: An intense, near-single-cycle laser pulse is focused into a gas jet, where it ionizes the gas
and drives a plasma wake. Through laser wakefield acceleration, electrons are accelerated to relativistic energies. A phosphor screen is
used to image the electron beam. The shape of the electric field of the laser pulse is controlled through the CEP. Varying the CEP in the
experiment changes the pointing of the electron beam. Lower: 2D map of the gas density, retrieved from the phase map of an
interferometry measurement (left). The height of the laser beam is indicated in red (150 μm from the jet exit). A lineout at this position of
the plasma density (assuming full ionization of nitrogen up to Nþ5) is shown on the right. The dotted black line indicates the laser focal
position.
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compression with chirped mirrors, as described elsewhere
[29,30]. These pulses, with a final energy of 2.5 mJ, are
focused by an f=2 off-axis parabola to a 2.7 × 2.8 μm focal
spot with a vacuum peak intensity of I ¼ 5 × 1018 W ·
cm−2 25 μm upstream of the center of a supersonic nitro-
gen gas jet (a “de Laval” nozzle [31] with a 60-μm throat
and 180-μm exit diameter), as indicated in Fig. 1. The gas
jet flows continuously while a pumping system keeps the
residual gas pressure inside the chamber below 10−2 mbar.
To obtain the plasma density profile, we illuminate the gas
jet with a white light source and image it on a commercial
quadriwave lateral shearing interferometer (SID4-HR,
Phasics [32,33]). The interferometer provides a 2D phase
map of the gas jet, and the N2 molecular density map is then
retrieved via Abel inversion assuming cylindrical symmetry
along the jet axis. The plasma density is then deduced
assuming full ionization of nitrogen up to N5þ, a molecule
of N2 thus yielding ten electrons. The obtained peak plasma
density of ne ¼ 1.4 × 1020 cm−3 is achieved with a back-
ing pressure of 15 bar. To distinguish CEP effects, it is
important to keep the density profile as constant as possible
throughout the experiment. A pressure controller ensures a
subpercent stability on the backing pressure applied to the
gas jet. In the gas jet, the laser pulse drives a plasma wake,
in which electrons are accelerated to a few MeV. The
electron beam charge and distribution are measured with a
calibrated CsI(Tl) phosphor screen imaged on a CCD
camera. The position of the electron beam is determined

as the point of maximum charge density after smoothing
the image with a Gaussian kernel (σ ¼ 2.8 mrad). The
energy of the electrons is measured by inserting a remov-
able spectrometer consisting of a 500-μm pinhole and two
permanent circular magnets providing a 58-mT magnetic
field. The minimum electron energy that can thus be
measured is 0.5 MeV. During the experiments, the con-
tinuously flowing gas jet allows us to operate the laser-
plasma accelerator at the actual repetition rate of 1 kHz.
We are able to study the effect of the CEP on the electron

beam as the CEP of the laser is stabilized using two
feedback loops, to a shot-to-shot fluctuation between 240
and 550 mrad rms depending on the target value (see the
Appendix A).
As we vary the CEP, the pointing of the electron beam

varies accordingly, as seen in Figs. 2(a) and 2(b) (and
Supplemental Video 1 [34]). We define beam pointing as
the deviation of the position of the electron beam from its
average position during a CEP scan. The effect is signifi-
cant: The amplitude of the oscillation is about 15 mrad, for
a beam divergence of around 50 mrad, i.e., an approx-
imately 30% change. The pointing varies in the plane of the
laser polarization (y), while in the perpendicular plane (x)
the beam pointing is constant except for a slow drift. Each
acquisition is taken over 200 ms (i.e., 200 shots), which
limits pointing jitter to below 2 mrad rms. We can derive
from Fig. 2(a) the maximum sensibility of the beam poin-
ting to the CEP: dθy=dϕ ¼ 20 mrad=rad. Therefore, in our

FIG. 2. Experimental results showing changes in electron beam parameters as the CEP is varied over three cycles of 2π. (a) The
pointing of the electron beam in the plane of polarization (y, red) and in the perpendicular plane (x, blue). (b) Typical images of the
electron beam (acquired in 200 ms, which corresponds to 200 shots) at a high (1), central (2), and low (3) beam pointing. The white
circle indicates the part of the beam sampled by the pinhole of the electron spectrometer. (c) Evolution of the electron beam charge as a
function of the CEP. (d) The normalized energy spectra of the electron beam as a function of the CEP. Each data point in (a) and (c) is the
average of 20 acquisitions. The vertical error bars indicate the rms error of these acquisitions, yielding a sub-2-mrad pointing jitter (rms).
The horizontal error bars indicate the rms error of the CEP stability, averaged over 200 shots (on the order of 40 mrad).
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case, without taking into account other sources of pointing
jitter, it would be necessary to stabilize the CEP to 50 mrad
rms in order to obtain a stable beam with pointing variations
of less than 1 mrad. The beam charge [Fig. 2(c)] is in the
picocoulomb range and seems to show a small oscillation
with the CEP of 8% peak to peak. This oscillation is not as
evident as in the beam pointing, as it is dominated by a slow
variation that is twice as large. The electron energy spectrum
oscillates in phase with the CEP, albeit with a moderate
amplitude of 5% of its mean value of 1.9MeV; see Fig. 2(d).
This spectral oscillation is due to a combination of two
different effects: first, a direct effect of the CEP—i.e., a
different CEP yields a different energy distribution—and,
second, an indirect effect—as the beam pointing changes
with theCEP, the electron beamposition at the entrance of the
spectrometer is different and a different part of the beam is
sampled, leading to variations in the measured spectrum.
This interpretation is supportedby theanalysis inAppendixB.
Finally, CEP-dependent electron beam pointing is observed
over a range of plasma densities (see Appendix C).

III. SIMULATIONS AND DISCUSSION

Particle-in-cell simulations using the spectral, quasicy-
lindrical particle-in-cell code FBPIC [35] (see Appendix D)

are carried out in order to reproduce the experimental
results and gain more insight into the effect of the CEP on
the injection and acceleration process. Typical simulated
electron beams have a charge around 2.7 pC and originate
almost exclusively from self-injection (95%), with a mean
energy of 4.3 MeV. The difference between the experi-
mental and simulated beam parameters can be explained by
the fact that the simulation is run with an idealized laser
pulse with Gaussian temporal and spatial profiles in order
to focus on clarifying the underlying physical process.
Figure 3(a) shows a first injection event that occurs off axis
in the asymmetric wakefield, in the laser polarization plane.
As the CEP slips by π, a second injection event occurs on
the other side of the wakefield [Fig. 3(b)]. These two
electron bunches are injected with opposite initial trans-
verse momenta, and they end up with an opposite pointing
when they exit the plasma [Fig. 3(c)].
For a more quantitative analysis, we define the wake

asymmetry using the electron density transverse centroid,
normalized to the laser waist w0: Γy ¼ ½ðR neydyÞ=
ðw0

R
nedyÞ�. In Fig. 3(d), we first confirm that the wake

oscillates transversely following the slippage of the CEP
(red line), with a period corresponding to L2π . As the laser
propagates, its interaction with the wakefield causes a

x

y

x

y

FIG. 3. Results of PIC simulations. (a),(b) Snapshots of the wakefield, for an initial CEP of π, at two different times, showing the
injection of two separate bunches. Electron density in the z-y plane is shown in gray, and injected electrons are displayed in orange (blue)
when their pointing is positive (negative) at the end of the simulation. The normalized laser electric field El=E0 ¼ El=ðmecω0=eÞ (red
dashed line) and its envelope (blue solid line) are also shown. The arrows show the typical trajectories prior to injection for each case.
(c) Simulated electron beam for an initial CEP of π (single shot). (d) Wakefield oscillation in the polarization plane (red), peak
wavelength of the laser normalized by the initial wavelength (black), and charge injection rate for the two electron populations shown in
(a),(b) with corresponding colors, as a function of the simulation time for an initial CEP of π. The gray dashed lines highlight the three
main injection events. (e) Electron beam pointing in the simulations in the directions parallel (red) and transverse (blue) to the laser
polarization as a function of the initial CEP. The corresponding experimental data are shown in gray (the absolute value of the
experimental CEP cannot be determined and is assumed so as to match the phase of the oscillations of the pointing in the simulations).
(f) Simulated electron beams for initial CEP values of −ðπ=2Þ, 0, and þðπ=2Þ, which produce a high, centered, and low beam,
respectively. The experimental beam pointing jitter is simulated by averaging 200 simulated shots with randomly generated beam-
pointing variations following a normal distribution with a 15-mrad standard deviation (shot to shot) in both x and y.
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strong redshift [36] (black line). This redshift shortens the
oscillation period (asL2π ∝ λ−1) and enhances thewakefield
asymmetry in the direction of polarization, following the
scaling Γy ∝ E3

l0λ
3 [13], where El0 is the electric field peak

amplitude. The redshift also lowers the laser group velocity,
slowing down the wake, which lowers the threshold for
electron injection [14,37]. The simulation shows that, when
Γy becomes large enough, theCEP-driven oscillatorymotion
of the plasma bubble allows trapping of electrons on the side
the bubble has shifted to. As such, subfemtosecond electron
bunches are injected at extrema of the bubble oscillation.
This behavior is in agreement with the theory of electron
injection in a transversely oscillating plasma bubble devel-
oped in Ref. [38]. The oscillation period at the time of
injection is L2π ¼ 6 μm or 20 fs (it is L2π ¼ 10 μm or 30 fs
before redshifting occurs). Note that the injection is very
localized and consists in the injection of four sub-bunches,
two of which contain most of the charge. These sub-bunches
are as short as 0.9 fs (just after injection) and have a
normalized emittance of 50 nm · rad. This process clearly
shows subcycle, waveform control over the electron dynam-
ics: Electron injection is controlled by the wakefield asym-
metry, which is itself controlled by the CEP.
The simulated beam in Fig. 3(c) corresponds to a single

shot, while in the experiment the data are accumulated over
200 shots and average over a shot-to-shot pointing jitter that
we estimate at 15mrad rms.To account for these fluctuations,
we numerically add this jitter to the simulated data so that the
two sub-bunchesmerge into a single larger divergence beam,
so as to emulate the experimental behavior; see Fig. 3(f).
A second effect that may merge the two sub-bunches in a
single beam, not taken into account here, is that of space
charge during propagation of the electron beam from the
source to the detector. Simulations with the General Particle
Tracer code [39] show that for a micrometric, 1-pC bunch at
2MeV, space charge increases the divergence to tens ofmrad
FWHM, depending on the exact initial conditions. The PIC
simulations also reproduce the dependence of the beam
pointing with the CEP: The simulated beam oscillates by
9 mrad, which is comparable to the 15 mrad obtained in the
experiment; see Figs. 3(e) and 3(f). The overall change of
the beam pointing with the CEP can be understood in the
following way: The CEP determines the initial condition of
the injected beams, namely, the initial longitudinal position in
the plasma and initial transverse momentum z0; py0. The
dynamics of the electron beam are then completely deter-
ministic andconsist of a transverseoscillation in thewakefield
followed by several transverse oscillations in the laser field
(see Supplemental Video 2 [34]). The final beam pointing is,
therefore, completely determined by the CEP-controlled
initial conditions.

IV. CONCLUSION AND OUTLOOK

These results present experimental evidence that the
injection of electrons and the beam parameters are

governed directly by the laser waveform, demonstrating
the importance of controlling the absolute phase of the
field. For instance, in our experiment, stabilizing the beam
pointing below 1 mrad requires stabilizing the CEP with a
precision better than 50 mrad. Simulations show that each
injection event is localized at an extremum of the wakefield
transverse oscillations and occurs on a few-micrometer
length only. While in the present experiment several
electron bunches are injected, a future goal is to restrict
injection to a single subfemtosecond bunch. Injection of a
single bunch could further reduce the initial phase space
volume of the beam. If combined with phase space volume
conservation during acceleration, this can lead to ultralow
emittance beams while opening a path toward attosecond
electron bunches. In our experiment, the near-single-cycle
pulse is used for both injection and acceleration, but future
experiments could combine a multicycle driver with a near-
single-cycle injector in order to precisely control injection
and generate subfemtosecond bunches as proposed in
Ref. [38]. Injection schemes based on ionization [40,41]
could also help in achieving the injection of a single
subfemtosecond bunch, as ionization depends even more
directly on the amplitude of the electric field [42].
Therefore, a CEP-stabilized single-cycle pulse could also
be useful as an injector for plasma wakefield accelerators
driven by particle beams [43]. In this context, ionization
injection with subcycle, waveform-controlled, few-milli-
joule single-cycle laser pulses could provide attosecond and
ultralow emittance relativistic electron beams [44,45] for
x-ray production.
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APPENDIX A: CEP CONTROL

The CEP stabilization is done in two loops, the first of
which is a fast feedback loop on the oscillator which
modulates the power of the pump laser (managed by an
XPS800 by Menlo Systems, Garching, Germany). A
second feedback loop stabilizes the CEP after amplifica-
tion, spectral broadening, and compression. It uses a wedge
reflection of our probe beam (a fraction of the main beam
split off by a holed mirror and used for plasma diagnostics)
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which is sent to an f-2f interferometer [46], which consists
of a β-barium borate crystal for frequency doubling and a
polarizer to project the fundamental and second-harmonic
polarizations onto the same axis. The interference spectrum
is analyzed shot to shot by a Fringeezz [47] (Fastlite,
Antibes, France) to measure changes in the CEP. This
measurement is fed back to an acousto-optic programmable
dispersive filter (Fastlite, Antibes, France) in the first
amplification stage to stabilize the CEP.
The CEP single-shot measurements for the first loop of

the experimental scan as well as the values averaged on 200
shots are shown in Fig. 4. As our system allows one to
measure only changes in CEP, and not the absolute
CEP, the reference value of 0 rad at the start of a scan is
arbitrary. When, during a scan, the CEP value is near π, the
measurement becomes less accurate due to inherent lim-
itations of the instrument (Fringeezz); therefore, the sta-
bility is significantly lower for CEP values near π. Indeed,
the single-shot rms stability is around 240 mrad when the
CEP is stabilized near 0 and 550 mrad when the CEP is
stabilized near π. When averaging over 200 shots, as done
for the electron beams, the rms stability is 30 mrad near a
CEP value of 0 and 71 mrad near π.

APPENDIX B: ENERGY SPECTRA

As the electron beam pointing varies with the CEP, the
pinhole from the spectrometer does not sample the exact
same point of the beam, as it is fixed [see Fig. 5(a) for a
schematic drawing of the spectrometer]. This effect can be
observed in the unnormalized spectra shown in Fig. 5(b),
where the intensity of the measured spectrum varies
significantly with the CEP, a variation much larger than
the charge variations observed in Fig. 2(c). When the beam
is off center with respect to the pinhole at the entrance of
the spectrometer, less charge goes through and the spec-
trum intensity is, therefore, lower. This also means that the
spectra are not measured at the exact same location for
different CEP values, which could be responsible for

differences in the electron energy. Experimentally, when
cycling the CEP, the mean energy of the electron beam is
found to vary by about 10%.
We use our PIC simulations to quantify the effect of the

oscillating beam position at the entrance of the spectrom-
eter. We first look at the CEP dependence of the electron
energy distribution; see Fig. 6(a). The CEP clearly affects
the electron spectra, although the changes are relatively
modest: The changes of the mean energy are only on the
order of 5% when considering the full electron beam; see
the blue curve in Fig. 6(b). PIC simulations show that this
can be explained by the CEP-induced changes of the
injection longitudinal position. While it was already
explained that the final pointing of a sub-bunch is deter-
mined by its initial transverse momentum py0, simulations
indicate that its final energy is determined by the initial
longitudinal position z0 which is also CEP dependent.
Thus, sub-bunches are injected at CEP-dependent longi-
tudinal positions, and, since the amplitude of the wake also
slightly evolves with propagation, this leads to a slight
dependence of the electron spectra to the initial laser CEP.
We model the experimental measurements by evaluating

the energy distribution in a restricted 15-mrad aperture.
This aperture is chosen larger than the one defined by the
actual diameter of the entrance pinhole of the magnetic

50K 100K 150K 200K
Shot number

0

/2

3 /2
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FIG. 4. Single-shot measurements (blue) and average over 200
shots (black) of the CEP during the first loop of the experimental
CEP scan.

FIG. 5. (a) Schematic drawing of the spectrometer used in the
experiment. The source, pinhole, magnet, and detector remain
fixed throughout the CEP scan. The laser polarization and the
CEP-dependent pointing oscillation (red arrows) are in the y
direction. Dimensions are in millimeters. (b, upper) The electron
energy spectra from Fig. 2(d), without normalization. (b, lower)
The mean electron energy as a function of the CEP.
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spectrometer, in order to mimic the electron beam-pointing
fluctuation. It is also decentered vertically in order to match
the relative position of the experimental one (see the white
circle in Fig. 2 for the position of the pinhole relative to
the beam). The red curve in Fig. 6(b) shows the variation of
the mean energy when this effect is taken into account. In
this case, the variation amounts to 11%, which is close to
the experimental variation. Moreover, while the periodicity
of the variations of the simulated energy is π for the full
beam, it is 2π when sampled through an off-center pinhole,
because the upper half of the beam is never sampled, which
corresponds to what is observed experimentally. Therefore,
the observed experimental variations of the electron spectra
can be attributed to a combination of an actual effect of the
CEP on the energy of the electrons and a coupling between
the energy and the point at which the beam is sampled.

APPENDIX C: CEP EFFECTS AT DIFFERENT
PLASMA DENSITIES

We observe CEP effects in multiple scans at different
plasma densities. For five scans, the electron beam is fully
captured by our detector, such that pointing and divergence
could be reliably determined. For these scans, we calculate
the amplitude of the CEP-driven pointing oscillation δθ,
normalized to the beam divergence Δθ (Fig. 7). The ratio

δθ=Δθ represents the relative strength of the CEP effect for
different plasma densities. The effect is more pronounced at
moderate plasma densities, which can be explained from
the dependence of L2π (the length scale over which the CEP
changes due to plasma dispersion) as the inverse of the
plasma density. At low densities, as the CEP changes more
slowly, electron injection can take place at a specific phase,
and CEP effects are more pronounced. In addition, at
higher plasma densities, the accelerator becomes less
stable, which can be seen from the large error bars at 2.3 ×
1020 and 3.6 × 1020 cm−3.

APPENDIX D: SIMULATIONS

For the simulations, we use a fully relativistic electro-
magnetic particle-in-cell code FBPIC [35] equipped with the
pseudospectral analytical time domain (PSATD) quasicy-
lindrical solver. The PSATD electromagnetic solver is free
of numerical dispersion and provides a high-accuracy
description of laser propagation and laser-particle inter-
actions, while quasicylindrical geometry allows one to
obtain a correct three-dimensional description at a moder-
ate computational cost. The mesh used for simulations is
Δz ¼ λ0=60 and Δr ¼ 5Δz. Five azimuthal Fourier modes
are used to properly capture all asymmetries. The simu-
lations are initialized with pure neutral nitrogen, and
ionization is calculated with the Ammosov-Delone-
Krainov model of tunnel ionization [48]. Atomic nitrogen
is initialized using 96 macroparticles per r-z cell, and each
such macroparticle could produce up to seven macro-
particles of electron species via ionization. Idealized
Gaussian temporal and spatial laser profiles are used, with
waist and pulse duration matching the experiment and a
pulse energy of 2.3 mJ. Dispersion in the plasma is
precompensated by adding a 5-fs2 positive chirp. For the
simulated plasma profile, we use a combination of
two super-Gaussian functions to fit the experimentally

FIG. 6. (a) Simulated spectra for initial CEP values of −ðπ=2Þ,
þðπ=2Þ, and π. (b) Mean electron energy in the simulations as a
function of the initial CEP, considering the full beam (blue) and
the beam sampled through an off-center 15-mrad pinhole (red) in
order to simulate the experimental configuration.

FIG. 7. The amplitude of the pointing oscillation δθ, normal-
ized to the beam divergence Δθ, for different plasma densities.
The error bars are calculated as the propagation of the statistical
errors on δθ and Δθ.
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measured profile, with a peak density of 1.8 × 1020 cm−3.
The laser focus position is placed 25 μm upstream of the
center of the profile, like in the experiment.
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[30] M. Ouillé, A. Vernier, F. Böhle, M. Bocoum, A. Jullien,
M. Lozano, J.-P. Rousseau, Z. Cheng, D. Gustas, A.
Blumenstein, P. Simon, S. Haessler, J. Faure, T. Nagy,
and R. Lopez-Martens, Relativistic-Intensity Near-Single-
Cycle Light Waveforms at kHz Repetition Rate, Light Sci.
Appl. 9, 47 (2020).

[31] K. Schmid and L. Veisz, Supersonic Gas Jets for Laser-
Plasma Experiments, Rev. Sci. Instrum. 83, 053304
(2012).

[32] J. Primot and L. Sogno, Achromatic Three-Wave (or More)
Lateral Shearing Interferometer, J. Opt. Soc. Am. A 12,
2679 (1995).
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